A recently published human study suggested that exposure to formaldehyde (FA) at the workplace might induce leukemiaspecific aneuploidies (monosomy 7 and trisomy 8) in cultured myeloid progenitor cells. Despite its preliminary character, this study was considered by the International Agency for Research on Cancer to be a potential mechanistic explanation for the induction of leukemia by FA. To further evaluate the reliability of these findings, chromosome preparations from cultured myeloid progenitor cells (obtained from blood samples of five healthy subjects) were analyzed by fluorescence in situ hybridization (FISH) for spontaneously occurring numerical aberrations after cultivation for 9 days. FISH analysis with probes for chromosomes 6, 7, and 8 revealed that the baseline frequency of aneuploid metaphases is similar and rather low for all three chromosomes tested. More monosomies than trisomies were measured. We also exposed myeloid progenitor cells during the whole cultivation period to FA and determined the frequency of aneuploidies after 9 days of cultivation. The results clearly indicate that FA did not induce aneuploidy under these experimental conditions. In contrast, aneuploidy was induced under these conditions by the known aneugen vincristine. Myeloid progenitor cells from healthy subjects were not particularly sensitive toward the cytotoxic action of FA. Colony forming ability in the presence of FA was not reduced to a higher degree than in cultured cell lines (A549; V79). Our results do not support the assumption of a specific effect of FA on myeloid progenitor cells as a potential mechanism for the induction of leukemia.
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According to the International Agency for Research on Cancer (IARC), formaldehyde (FA) has been classified as a known animal and human carcinogen causing carcinomas in the nasal passages of rats and nasopharyngeal cancer in humans (IARC, 2006) . Epidemiological findings suggest that FA exposure is also associated with increased risk for mortality from myeloid leukemia Hauptmann et al., 2003 Hauptmann et al., , 2009 ). However, no plausible mechanism could be demonstrated by which inhalation of this rapidly reactive agent can cause bone marrow cancer. The major mechanism-based arguments against FA as a leukemogen have been the difficulty to understand how inhaled FA might reach the bone marrow and the lack of similarity of noncancer effects to other known human myeloleukemogens, particularly the absence of bone marrow toxicity and pancytopenia in humans or laboratory animals exposed to high FA levels (for a review, see Goldstein, 2011; Pyatt et al., 2008) . With regard to potential systemic in vivo genotoxic/mutagenic effects of FA, there is an apparent discrepancy between studies in laboratory animals under strictly controlled conditions and studies of exposed humans. Animal studies with standard genotoxicity tests (Speit et al., 2009) and with sensitive methods for the detection of DNA adducts (Lu et al., 2010; Moeller et al., 2011) did not detect distant site effects, including effects on bone marrow and blood. In contrast, studies of exposed humans, mainly investigating cytogenetic endpoints in cultured peripheral blood, repeatedly reported associations between FA exposure and genotoxic effects (IARC, 2006) . However, the plausibility of such findings has been questioned , and a human inhalation study under strictly controlled conditions did not indicate systemic genotoxic effects (Zeller et al., 2011) .
A recently published human study suggested that occupational exposure to FA caused leukemia-specific chromosome aberrations (monosomy 7 and trisomy 8) in cultured myeloid blood progenitor cells (Zhang et al., 2010) . However, this study was criticized because of shortcomings in the evaluation and interpretation of these effects . The origin of the aneuploid cells and their biological significance remained unclear. Besides the lack of evidence for a relevant exposure of the target cells, induction of aneuploidy was an unproven assumption for FA's genotoxic mode of action (MOA). Nevertheless, the results of this study were considered by the IARC to be a potential mechanistic explanation for the induction of leukemia and supported the classification of FA as a leukemogen (Baan et al., 2009) .
To further investigate the occurrence of aneuploidies in cultured myeloid progenitor cells, the sensitivity of these cells toward FA exposure and the effect of FA on the frequency of aneuploid cells, we performed in vitro studies with myeloid progenitor cells in the absence and presence of FA exposure. Using fluorescence in situ hybridization (FISH) with centromeric probes, we measured the frequencies of cells with monosomies and trisomies for chromosomes 6, 7, and 8. Chromosomes 7 and 8 were investigated because the frequencies of monosomy 7 and trisomy 8 were reported in the previous study and regarded as leukemia-specific aberrations (Zhang et al., 2010) . We investigated chromosome 6 in addition because it is of similar size and shape but not specifically involved in human myeloid leukemia. We also performed the same type of experiments with myeloid progenitor cells exposed to vincristine (VCR) a wellknown aneugen. Furthermore, we tested the sensitivity of myeloid progenitor cells toward FA-induced cytotoxicity in comparison with other cultured mammalian cells.
MATERIALS AND METHODS

Materials.
Cell culture media and ingredients were obtained from Biochrom (Berlin, Germany). If not specifically indicated, the chemicals used in these experiments were purchased from Sigma-Aldrich (Munich, Germany). Formaldehyde (FA; CAS No. 50-00-0; 16% ultrapure, methanol free) was bought from Polysciences, Inc., Warrington, PA. FA and vincristine (VCR) were diluted in sterile distilled water immediately before use. Colcemid (demecolcine) was purchased from Biochrom.
Blood samples and cell cultures. Heparinized blood samples were obtained by venipuncture from healthy young nonsmoking volunteers. Mononuclear cells were isolated from peripheral blood by light density centrifugation and cultured in MethoCult medium H4534 Classic without EPO (MethoCult; StemCell Technologies, Vancouver, Canada) at 37°C in 5% CO 2 , 3.5% O 2 with � 95% humidity. This semisolid medium contains methylcellulose and various recombinant human growth factors to stimulate the growth of granulocytes and macrophages. The A549 cell line (American Type Culture Collection, Rockville, MD) is an epithelial-like human lung cell line established from a 58-year-old male Caucasian. V79 is a permanent Chinese hamster lung cell line. A549 and V79 cells were cultured in minimal essential medium supplemented with 10% fetal calf serum (FCS), 1% glutamine, and 0.5% gentamicin. Cells were maintained in a humidified incubator at 37°C with 5% CO 2 and harvested with 0.15% trypsin and 0.08% EDTA.
Cytotoxicity. The cytotoxic effect of FA on human hematopoietic progenitor cells, A549 cells, and V79 cells was measured by the reduction of colony forming ability. 10 5 mononuclear cells per ml MethoCult medium were plated into sterile culture dishes without coating (Greiner, Frickenhausen, Germany). Three 35 mm culture dishes were used for each concentration, cultured for 9 days, and then counted using an inverted microscope. FA was diluted and added directly at the start of the culture period to the tubes containing the medium and the mononuclear cells at the final concentrations indicated. Two hundred A549 or V79 cells each were seeded in T25 flasks (quadruplicate) and cultured for 24 h. The cultures were then exposed to FA and further cultivated for 14 days (A549 cells) or 7 days (V79 cells) without change of medium. Colonies were fixed with 70% ethanol, dried, stained (0.1% crystal violet), and counted. All experiments were independently performed three times.
Granulocyte-macrophage colony forming unit assay. Mononuclear cells were isolated with Ficoll-Paque PLUS (Biosciences, Uppsala, Sweden) from 10 ml freshly collected peripheral blood. Viability tests were performed by trypan blue staining. 2 3 10 5 isolated mononuclear cells per ml of the semisolid MethoCult medium were plated into sterile 35 mm culture dishes without coating (six culture dishes for each experiment or concentration). FA and VCR were diluted and added directly into the tubes containing the medium and the mononuclear cells. Cells were incubated at 37°C in 5% CO 2 , 3.5% O 2 with � 95% humidity for 9 days. Colonies were always scored at day 9 using an inverted microscope. After counting the colonies, a final concentration of 0.2 lg/ml Colcemid (demecolcine) diluted in 1 ml IMDM medium (Invitrogen, Darmstadt, Germany) with 2% FCS was added to the colonies for 3-4 h.
For harvesting colonies, the cultures were pooled and the methylcellulose medium containing the colonies were transferred to 10 ml tubes and washed two times with IMDM medium with 2% FCS to remove the methylcellulose. Chromosome preparation was done following standard procedures. Cells were centrifuged, resuspended in 0.56% prewarmed (37°C) KCl for 20 min, fixed three times in methanol/glacial acetic acid (3 þ 1), and dropped onto precleaned slides. Slides were air dried and then stored frozen at �20°C.
FISH analysis. Frozen slides were brought to room temperature on a heating plate. Slides were washed in 20% HCl for 10 min and then washed again two times in 23 saline-sodium citrate (SSC) (0.3M sodium chloride, 0.03M sodium citrate, pH 7.0) at room temperature. Afterward, the slides were immersed in a pepsin solution (30 lg/ml) for 10 min at 37°C. After washing the slides two times in 13 PBS and for 5 min in PBS with MgCl 2 (50mM), they were fixed in formaldehyde (37%) and PBS/MgCl 2 (1:35.7) for 10 min at 37°C. After another washing step in 13 PBS, the slides were dehydrated in 70, 85, and 99% ethanol at room temperature and air dried for at least 15 min. Two microliters of the centromeric probe (Abbott Diagnostics, Wiesbaden, Germany) of the chromosomes 6 (CEP 6 SpectrumGreen), 7 (CEP 7 SpectrumOrange), and 8 (CEP 8 SpectrumAqua) were mixed with 14 ll of the hybridization buffer, and 10 ll of the mix was added to each half of the slide. The slides were covered with a 24 3 50 mm coverslip, sealed with rubber cement, and denatured for 5 min on a heating plate (74°C). Hybridization was carried out overnight at 37°C in a humidified box. After removing the coverslips, the slides were washed in 23 SSC and collected in 43 SSC/0.1% Tween 20 for 3 min at 72-74°C. Afterward, the slides were washed in 23 SSC at room temperature and counterstained with DAPI (4,6-diamidino-2-phenylindole)/propidium iodide. Cells were embedded in antifade solution and kept in the dark. For analysis, a fluorescent microscope (Zeiss Axioplan, 100 W HBO lamp) was used with a fourfold dye filter for the detection of DAPI/propidium iodide, SpectrumAqua, SpectrumOrange, and SpectrumGreen. Slides were coded and analyzed blinded by the same scorer. From each slide, the number of fluorescence spots of chromosomes 6, 7, and 8 were scored in 500 metaphases.
Statistical analysis. The cytotoxicity tests were performed three times under the same conditions. For the granulocyte-macrophage colony forming unit (CFU-GM) colony forming assay, the peripheral blood was obtained from five different donors. Differences between mean values of the independently repeated experiments were tested for significance using Student's t-test. A statistically significant difference was set at p < 0.05. dish (i.e., per 200,000 cells seeded). FISH analysis for chromosomes 6, 7, and 8 revealed low and similar frequencies of aneuploid metaphases for all three chromosomes tested. A consistently higher frequency of monosomies (0.8, 0.56, and 0.68%, respectively) than of trisomies (0.16, 0.08, and 0.2%, respectively) was measured. Tetraploid metaphases were also scored. Their frequency was between 0.2 and 0.6%.
RESULTS
When hematopoietic progenitor cells were exposed to FA (10, 20, 50, and 100lM) during the in vitro culture period of 9 days, the number of CFU-GM colonies decreased in a concentration-related manner (Fig. 1) . Ten micromolar FA only had a marginal toxic effect (89.3% colony forming ability), whereas treatment with 100lM FA reduced the number of colonies to less than 25% of the untreated control. The percentage of aneuploidies for chromosomes 6, 7, and 8 measured in these experiments are summarized in Table 2 . In agreement with the results in Table 1 , the frequencies of monosomies were higher than the frequencies of trisomies. There was no noteworthy difference in the frequencies of aneuploid metaphases between the three chromosomes. There was no statistically significant increase in frequencies of aneuploid cells (chromosomes 6, 7, and 8) in FA-exposed cultures (10, 20, and 50lM) in comparison with the concurrent controls, which were not exposed to FA. A slight increase in the incidence of cells with monosomy 8 (0.8%) was measured for the highest FA concentration that could be evaluated by FISH (50lM). However, this value is still within the range of the negative controls, and the difference was not statistically significant. The frequency of tetraploid metaphases was slightly increased in cultures treated with 50lM FA (0.6% compared with 0.2% in control cultures). This difference was not statistically significant (p ¼ 0.110).
The same type of experiments was also performed with exposure of hematopoietic progenitor cells toward VCR, a wellknown aneugen. VCR also led to a clear and concentrationrelated reduction in colony counts (Fig. 2) . VCR (0.0025 lg/ml) caused a slight cytotoxic effect and reduced the colony forming ability to about 85%. The VCR concentration 0.01 lg/ml was only tested twice. This treatment reduced the colony forming ability to about 20%, and a sufficient number of mitoses for FISH analysis could not be obtained. VCR (0.0025 and 0.005 lg/ml) increased the frequency of cells with monosomies for all three chromosomes tested. A statistically significant difference (p < 0.05) was measured for chromosome 7 (0.005 lg/ml VCR) and chromosome 8 (0.0025 and 0.005 lg/ml VCR). In contrast, there was no clear effect on the frequency of cells with trisomies (Table 3 ). The incidence of tetraploid metaphases in VCRexposed cultures (0.4%) was not significantly higher than in control cultures (0.3%). Figure 3 summarizes the effect of FA exposure (Fig. 3A ) and VCR exposure (Fig. 3B) on the total frequencies of monosomies and trisomies for the three chromosomes investigated. It can be seen that the frequency of monosomies is clearly enhanced in VCR-treated cultures, whereas such an effect is not found in FA-treated cultures.
To investigate whether hematopoietic progenitor cells are particularly sensitive toward FA, we performed comparative investigations with A549 and V79 cells. The results are summarized in Figure 4 . Despite the minor differences in the experimental protocols, the results clearly indicate that the two cell lines are at least as sensitive as hematopoietic progenitor cells. A significant reduction in colony forming ability was 
DISCUSSION
It has been reported that occupational exposure to FA is associated with leukemia-specific chromosome aberrations in cultured myeloid progenitor cells (Zhang et al., 2010) . Increased frequencies of metaphases with monosomy 7 and trisomy 8 were measured in pooled CFU-GM colonies. In vitro exposure of cultured myeloid progenitor cells to FA suggested that these cells are particularly sensitive toward the cytotoxic action of FA. With reference to this study, IARC concluded that the chromosomal effects and hematological changes in peripheral blood are indicative of effects on the bone marrow. Together with reported epidemiological associations , this led to the overall conclusion that there is sufficient evidence for FA-induced leukemia, particularly myeloid leukemia (Baan et al., 2009 ).
The study published by Zhang and coworkers has been criticized in detail by a Letter to the Editor . The main points of concern were: -Limited reliability of the reported differences in blood cell counts.
-Lack of direct evidence that target cells are exposed to FA.
-Lack of evidence that FA induces aneuploidy.
-Lack of evidence that FA induces aneuploidy for specific chromosomes (i.e., 7 and 8).
-Lack of evidence that the differences measured in the frequencies of monosomy 7 and trisomy 8 have any relationship with the exposure of workers to FA.
-Lack of evidence that the differences measured in the frequencies of monosomy 7 and trisomy 8 have any significance for the formation of leukemia.
The likelihood for distant site/systemic toxic and genotoxic effects of inhaled FA is still a matter of discussion. Of major concern are studies of exposed humans that repeatedly reported associations between FA exposure and increased (cyto) genetic effects in (cultured) peripheral blood. Although these effects cannot be explained on the basis of our present knowledge about the toxicokinetics of FA and the biological principles of the tests performed , the results are used as an important contribution to hazard characterization (IARC, 2006; National Toxicology Program, 2010) . A direct evidence for the exposure of target cells for lymphohematopoietic malignancies is still missing.
FA's mutagenic MOA has been well characterized during recent years. FA induces DNA-protein crosslinks and other types of DNA adducts (Lu et al., 2010; Merk and Speit, 1998) . Unrepaired DNA lesions may lead to the formation of mutations in replicating cells. It has been shown that chromosomal effects (clastogenic effects) are predominant, whereas true gene mutations are induced to a lesser extent (Merk and Speit, 1998; Speit and Merk, 2002) . Although FA also binds to proteins and thus might interact with the mitotic apparatus and disturb chromosome segregation, there has been no concern with regard to a potential of FA to induce aneuploidy. Because of the uncertainty caused by the results of 
FIG. 2.
The effect of vincristine (VCR) on colony forming ability (CFU-GM colonies) of myeloid progenitor cells cultured in the presence of VCR for 9 days. The reduction in colony formation in relationship to the untreated negative control (Co ¼ 100%) is shown. Mean ± SD of three independently performed experiments. The VCR concentration 0.01 lg/ml was only tested twice. Zhang et al. (2010) , we performed a comprehensive study with standard tests used in genotoxicity testing and accepted for regulatory purposes. The results of these tests together with a critical review of the available literature suggested that FA does not possess a significant aneugenic activity . They clearly support the view that the increased frequency of aneuploid myeloid progenitor cells reported by Zhang et al. (2010) are not related to the FA exposure of the workers investigated .
Our data presented here further contribute to a better understanding and interpretation of the results published by Zhang et al. (2010) . We did not have the chance to investigate FA-exposed workers, but our investigations with myeloid progenitor cells from healthy subjects in combination with in vitro experiments led to some important new results. Our experimental approach (cell cultivation, preparation, and analysis) was similar to that of the previous study. It should be noted that the cells grew better under our conditions, and colonies were completely differentiated already after 12 days of culture. Therefore, we harvested the colonies already after 9 days, assuming that the number of cell divisions in vitro was as high as after 14 days in the study of Zhang et al. (2010) . We obtained about 15 colonies per 100,000 seeded cells, which is about twice as much as obtained in the previous study (Zhang et al., 2010, Fig. 3) . We generally had no problems to analyze 500 metaphases per subject (in one case, only 400 cells were analyzed), whereas 150 or less were analyzed per subject in the previous study. Interestingly, Zhang and coworkers determined a frequency of 5% for monosomy 7 and a frequency of about 0.3% for trisomy 8 in their control sample (numbers taken from Fig. 4 of their publication). The authors did not publish the frequencies for trisomy 7 and monosomy 8. We measured 0.56% of metaphases with monosomy 7 and 0.2% of cells with trisomy 8. In agreement with the results from the published study (Zhang et al., 2010) , we also identified more metaphases with monosomies than with trisomies. This holds true for all three chromosomes (6, 7, and 8) of the C-group of the human karyotype analyzed. However, the frequency of monosomies was much lower in our experiments than in those reported by Zhang and coworkers. We already discussed that monosomies are more likely due to preparation artifacts than trisomies , which may-at least in part-explain the differences between the two types of aneuploidy. However, if the high frequencies of aneuploidies reported by Zhang et al. (2010) were real and would also apply to the other human chromosomes, the majority of myeloid progenitor cells would be aneuploid. This seems to be highly unlikely. Therefore, the very high incidence of monosomic cells seen in controls of the Zhang et al. study in combination with the limited number of cells that were available for FISH analysis, seems to point to suboptimal preparation conditions. It is remarkable that we found rather similar frequencies for monosomies of chromosomes 6, 7, and 8 as well as rather similar frequencies for trisomies of these three chromosomes investigated. This indicates stable and reproducible experimental conditions and may point to a real difference in the occurrence of monosomies and trisomies in cultured myeloid progenitor cells.
FA present from the beginning of the culture did not induce aneuploidy. If FA would be able to induce aneuploidy in myeloid progenitor cells and the increased frequencies of aneuploid progenitor cells reported by Zhang et al. (2010) were actually caused by in vivo FA exposure, this effect should have occurred under our experimental conditions as well. It has been shown that FA continues to be active (genotoxic) in cell culture medium for several hours (Neuss et al., 2010) . Thus, exposure to appropriate FA concentrations at the beginning of the cultivation period should be sufficient to induce aneuploidy during the first mitosis. However, the origin (in vivo vs. in vitro) of the aneuploid metaphases analyzed after cultivation of cells from FA-exposed humans for 14 days (i.e., after several cell divisions) is absolutely unclear. It is also not clear whether or to what extent aneuploid (in particular monosomic) cells survive, proliferate, and lead to aneuploid daughter cells. The biological MOA of aneugens is the same in vivo and in vitro.
To induce aneuploidy, a sufficient concentration of the aneugen has to be present in the target cell. Aneugens react with redundant targets (e.g., tubulin), and an effect is only seen after exceeding a threshold. It has to be stressed that FA does not possess a relevant aneugenic activity and even if the ability to induce aneuploidy could not be excluded, it is not conceivable that occupational FA exposure can lead to FA concentrations in myeloid progenitor cells, which are sufficient to exceed the threshold level for such an effect. We tested three FA-concentrations, which induced low (~10%), medium (~30%), and strong (~50%) reduction in colony formation. None of these concentrations led to a significant induction of aneuploidy. Under the same experimental conditions, VCR induced monosomies but did not have a clear effect on the frequency of trisomies. VCR is a strong aneugen and is used as a positive control substance for aneugenic effects in genotoxicity tests . The varying effects on monosomies and trisomies cannot be explained at present, but it might be due to a selection process during several rounds of cell divisions. Taken together, our results and other available evidence (see above) suggest that the increased frequencies of aneuploid cells described by Zhang et al. (2010) cannot be explained by exposure of these cells to FA.
Finally, we compared the sensitivity of myeloid progenitor cells toward FA-induced cytotoxicity with the sensitivity of A549 and V79 cells. Our results obtained for myeloid progenitor cells are in perfect agreement with the results published by Zhang et al. (2010) . One hundred micromolar FA led to a strong reduction of the colony forming ability, and 200lM FA completely inhibited colony formation. However, other mammalian cells, such as A549 and V79, which have previously been used to characterize the genotoxic action of FA in vitro (Speit et al., , 2008 , are not less sensitive. Reduced colony forming ability was even observed at lower FA concentrations (20 and 50lM). It has to be stressed that the cytotoxic effect measured in vitro clearly depends on the test and the experimental conditions (Speit et al., 2008) . However, the methods used here for myeloid progenitor cells and mammalian cell lines are similar enough for a direct comparison. It can be concluded that myeloid progenitor cells are not particularly sensitive toward FA, and enhanced sensitivity cannot explain unexpected genetic effects.
In summary, we have shown that it is highly unlikely that FA induces aneuploidy in myeloid progenitor cells. The reported numerical chromosome aberrations in cultured myeloid progenitor cells from workers exposed to FA cannot be scientifically explained and might rather be chance findings.
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